Formyl-peptide receptor type 2 (FPR2), also called ALX (the lipoxin A4 receptor), conveys the proresolving properties of lipoxin A 4 and annexin A1 (AnxA1) and the proinflammatory signals elicited by serum amyloid protein A and cathelicidins, among others. We tested here the hypothesis that ALX might exist as homo-or heterodimer with FPR1 or FPR3 (the two other family members) and operate in a ligand-biased fashion. Coimmunoprecipitation and bioluminescence resonance energy transfer assays with transfected HEK293 cells revealed constitutive dimerization of the receptors; significantly, AnxA1, but not serum amyloid protein A, could activate ALX homodimers. A p38/MAPK-activated protein kinase/heat shock protein 27 signaling signature was unveiled after AnxA1 application, leading to generation of IL-10, as measured in vitro (in primary monocytes) and in vivo (after i.p. injection in the mouse). The latter response was absent in mice lacking the ALX ortholog. Using a similar approach, ALX/FPR1 heterodimerization evoked using the panagonist peptide Ac2-26, identified a JNK-mediated proapoptotic path that was confirmed in primary neutrophils. These findings provide a molecular mechanism that accounts for the dual nature of ALX and indicate that agonist binding and dimerization state contribute to the conformational landscape of FPRs.
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inflammation | leukocyte | resolution signaling G -protein-coupled receptors (GPCRs) constitute a large family of cell surface receptors that share structural characteristics and perform pivotal biological functions, transducing signals from hormones, autacoids, and chemokines. The human GPCR termed "ALX/FPR2" (formyl peptide receptor type 2 or lipoxin A 4 receptor, hereafter referred to as "ALX") is a unique GPCR, shown to convey signals induced by proteins, peptides, and lipid ligands (1) . ALX belongs to a small family of receptors that is also activated by formylated peptides, short amino acid sequences with an N-terminal formyl group released by pathogenic and commensal bacteria, as well as by mitochondria upon cell damage. There are three human FPRs and they are termed FPR1, ALX, and FPR3 (2) . In view of their different nature and potential engagement with a large number endogenous and exogenous ligands, elucidation of FPR functions may reveal important biological pathways.
ALX is an unconventional receptor for the diversity of its agonists and because it can convey contrasting biological signals. The proresolving and anti-inflammatory properties of the protein annexin A1 (AnxA1) and the lipid lipoxin A 4 (LXA 4 ), which include neutrophil apoptosis and macrophage efferocytosis, are mediated by this receptor, as shown using pharmacological approaches (1, 3) and more recently with knockout mouse models (4) . At the same time, the proinflammatory responses elicited by the cathelicidin-associated antimicrobial peptide LL-37 and serum amyloid protein A (SAA) are also mediated by ALX, which modulates leukocyte activation, recruitment to the site of inflammation, and lifespan (5-7). Moreover, LXA 4 and AnxA1 engage ALX to favor a macrophage M2 phenotype, whereas LL-37 and SAA used the same receptor to induce an M1 phenotype (8) . In a similar vein using human neutrophils, nanomolar concentrations of LXA 4 counteracted LL-37-mediated release of leukotriene B 4 , both actions being conveyed by ALX (9) . Using resonance energy transfer (RET) techniques to investigate GPCR interactions, a number of studies reported agonist stimulation to initiate dimerization between certain GPCRs, which may otherwise exist as monomeric structures (10) or that agonists enhance the interaction between preformed dimers (11) . Agonistinduced changes in RET signal could be attributed to conformational changes occurring within the receptor in response to agonist binding (12) . Finally, activation of downstream signaling pathways may also influence conformational changes within the receptors (13, 14) . We tested here whether the ability of ALX to transduce the bioactions elicited by distinct agonists is modulated by conformational changes.
Results
Homo-/Heterodimerization of FPR1 with ALX and FPR3 Is Enhanced by a Panagonist Peptide. HEK293 cells were used for a transfection-based approach to investigate the potential homo-/
Significance
Inflammation is a crucial host defense response but can cause chronic disease if unregulated. Several endogenous antiinflammatory and proresolving circuits balance and modulate inflammation, including a mechanism centered on the formyl peptide receptor (FPR) family. One receptor, ALX/FPR2, recognizes both proinflammatory and proresolving signals. We have investigated this unusual molecular mechanism finding that anti-inflammatory, but not proinflammatory signals, activate homodimers of this receptor. This triggers intracellular changes culminating in the release of anti-inflammatory mediators such as IL-10. Heterodimers of ALX with other FPR receptors can transduce proapoptotic signals. These results explain how both the development and resolution of inflammation may be integrated by the same receptor system and show how drugs can be developed that have only anti-inflammatory effects.
heterodimerization between FPRs and chosen because they do not express any of the three receptors (Fig. S1A) . Initial analyses determined that the epitope-tagged constructs were properly expressed on the cell surface 24 h posttransfection ( Fig. S1 B and  C) . Colocalization between the FPR1 and ALX at the cell surface was observed (Fig. 1A) . To monitor physical interaction between the receptors, HEK293 cells were transfected with FPR1 × 3Flag construct along with either FPR1 × 3HA, ALX × 3HA or FPR3 × 3HA constructs for immunoprecipitation (IP) with an anti-HA antibody. Using this protocol, we observed that FPR1 can constitutively homodimerize and heterodimerize with ALX and FPR3 (Fig. S1D ). This effect was not modified by addition of the panagonist peptide Ac2-26 [annexin A1 N terminal peptide Ac2-26 (acetyl-AMVSEFLKQAWIENEE-QEYVVQTVK)] (15). Next, we used the bioluminescence RET (BRET) technique to explore receptor interaction in living cells.
HEK293 cells transfected with FPR1-enhanced YFP (EYFP) and FPR1-Renilla luciferase (Rluc), FPR1-EYFP and ALXRluc, or FPR1-Rluc and FPR3-EYFP constructs showed an interaction between these receptors as determined by detection of BRET signal in absence of agonist application. Addition of peptide Ac2-26 (10 −5 M), although not affecting the BRET signal between FPR1 homodimers or FPR1-FPR3 heterodimers, produced a significant enhancing effect on FPR1-ALX heterodimer signal (Fig. 1B) . To rule out the possibility of nonspecific interactions, we investigated whether the FPR1 and ALX receptors could form heterodimers with another class A GPCR, namely, the angiotensin 1 receptor. These receptors did not interact, nor was a signal obtained upon addition of the respective agonists Ac2-26 or angiotensin II, as determined by BRET and co-IP techniques (Fig. S2) .
We then focused on the interaction between the FPR1 and ALX. The anti-inflammatory agonists AnxA1 (10 −8 M), peptide Ac2-26 (10 −5 M), and LXA 4 (10 −7 M), together with the small molecule compound 43 (Cpd43; 10 −6 M), produced a significant enhancement in BRET signal (Fig. 1C) . Complete physical validation of the LXA 4 agonist was carried out using liquid chromatography-tandem mass spectrometry (LC-MS-MS) and UV, with spectra and profiles matching those reported earlier (Fig.  S3) (16) . The BRET response was not obtained with SAA (10 −7 M) or the selective FPR1 or ALX antagonists (cyclosporin H and WRW4, respectively) (Fig. 1C) . In line with FPR1 dimerization (Fig. S1D) , addition of these ligands did not enhance the co-IP between FPR1 and ALX (Fig. 1D) . The central role seemingly played by ALX in the observed agonistspecific conformational changes prompted us to test homodimerization responses.
Contrasting Effect of AnxA1 and SAA on ALX Homodimerization.
Homodimerization of ALX was investigated with ALX × 3Flag and ALX × 3HA constructs, followed by IP with anti-HA and immunoblotting with anti-Flag antibody. Addition of AnxA1 (10 −8 M), Ac2-26 (10 −5 M), or SAA (10 −7 M) did not influence receptor dimerization, and a band corresponding to the correct molecular weight for an ALX dimer was observed ( Fig. 2A) . ALX dimerization was investigated in living cells following transfection with ALX-Rluc and ALX-EYFP constructs. At 24 h posttransfection, cells were stimulated with AnxA1 (10 −8 M), Ac2-26 (10 −5 M), or SAA (10 −7 M) for 10 min. As was seen with the FPR1-ALX heterodimer ( Fig. 1) , peptide Ac2-26 produced an enhanced BRET signal (Fig. 2B ). ALX anti-inflammatory and proinflammatory ligands displayed opposite effects: AnxA1 enhanced, whereas SAA decreased, the BRET signal ( Fig. 2B ). At 10 −9 M, AnxA1 elicited a similar BRET signal (2.2 ± 0.4-fold increase over basal; n = 3). Representative real-time BRET analysis plots display single-order kinetics in response to Ac2-26 and AnxA1, but not SAA (Fig. 2C ). Tested at 10 −7 M, LXA 4 enhanced the BRET signal between ALX homodimers (Fig.  S4A ). Of interest, this bioactive lipid did not interfere with the BRET signal provoked by AnxA1. SAA, over a wide range of concentrations (up to 3 × 10 −6 M), failed to incite a BRET response (Fig. S4B) ; however, it attenuated the enhancement in BRET signal provoked by AnxA1 (Fig. S4A) . Collectively, these results shed some light into the conflicting behavior imposed on ALX by functionally different agonists, indicating, presumably, differential activation of distinct downstream signaling pathways. Ang II Addition of AnxA1 to ALX-HEK293 cells provoked downstream phosphorylation of p38, MAPK-activated protein kinase (MAPKAPK), and the small heat-shock protein Hsp27 (Fig.  S6B) as assessed by Western blotting. Importantly, these data were confirmed in nontransfected human monocytic U937 cells (Fig. 3A) , which constitutively express ALX (Fig. S1A) , and human primary monocytes (Fig. 3A) , which also express ALX (2). In Fig. 3A (bar graph) we report the cumulative data of four experiments conducted with primary monocytes, showing that AnxA1, but not SAA, can induce phospho-Hsp27. AnxA1 phosphorylated Hsp27 in a concentration-dependent fashion, with higher efficacy at 10 −7 M (Fig. S8A ). Like SAA, the proinflammatory ALX agonist LL-37 was unable to phosphorylate Hsp27 at any concentrations tested (Fig. S8 B and C) . Finally, we established that phosphorylation of MAPKAPK2 U n s t im [the kinase upstream of Hsp27 (17, 18) and not present in the proteome profiler] was occurring in human primary monocytes (Fig. 3A) . Collectively, these results indicate that the p38/ MAPKAPK/Hsp27 pathway is a genuine response evoked by AnxA1, and not SAA, upon activation of ALX.
It was important to corroborate these results in a functional manner. In monocytes, the p38/MAPKAPK/Hsp27 pathway is associated with IL-10 generation (Fig. 3B, schema) . Stimulation of isolated monocytes with AnxA1 (10 −8 M; 6 h) induced a significant release of IL-10 that was abolished by pretreatment of cells with the p38 inhibitor SB203580 (Fig. 3B) . Importantly, this effect could be replicated in vivo, where i.p. injection of an antiinflammatory dose of the protein (1-μg equivalent to 27 pmol) elicited a threefold increase in IL-10 (Fig. 3C) . The effect was absent in Alx-Fpr2/3 KO mice. Then we established the relevance of this pathway in more complex settings. By 24 h post-LPS, a marked accumulation of IL-10 had occurred in wild-type but not Alx-Fpr2/3 KO mice (Fig. 3D) . This was not due to differences in the release of endogenous AnxA1 (similar between genotypes; Fig. 3D, Inset) .
Characterization of FPR1 and ALX Heterodimerization. Finally, we used a proteome profiler to investigate the effect of the panagonist Ac2-26 on HEK293 cells transfected with FPR1, ALX, or cotransfected with both receptors. A clear difference in signaling transfected HEK293 cells expressing either FPR1 or ALX, or cells coexpressing FPR1 and ALX, was detected ( Fig. 4A and Fig. S9) . Analysis of the single transfections indicated that the ALX response was stronger than that observed with FPR1; however, the most pronounced activation was observed upon coexpression of both FPR1 and ALX, which showed a selective activation of the JNK pathway (Fig. 4A, Lower) . Proteome data were confirmed by Western blotting analyses for phospho-ERK and phospho-JNK in HEK293 cells (Fig. 4B , Top and Middle) as well as in primary neutrophils (shown only for phospho-JNK; Fig. 4B, Bottom) .
The JNK pathway has been linked to cell apoptosis (19) , a process AnxA1 promotes in human neutrophils (20) . Of note, this leukocyte type expresses FPR1 and ALX, but not FPR3 (2), making it ideal to explore heterodimerization in primary cells. We conducted functional experiments using protocols validated for LXA 4 : this ALX agonist abolishes the delay in apoptosis of SAA-treated neutrophils (7) . In line with these studies, addition of SAA augmented neutrophil lifespan with a significant effect at >6 h (Fig. 5A) . Peptide Ac2-26 counteracted this survival signal and was effective in augmenting the degree of both early and late apoptosis. Addition of the JNK inhibitor SP600125 abolished the effect of peptide Ac2-26 (Fig. 5B) . We substantiated these results at the molecular level by monitoring caspase-3 activation. Addition of peptide Ac2-26 to SAA-treated neutrophils resulted in caspase-3 cleavage (an effect not visible with SAA alone) and this was prevented by the JNK inhibitor SP600125 (Fig. 5C ).
Discussion
The human FPR termed ALX can elicit opposing responses such as cell survival vs. death, cell activation vs. inhibition, and in vivo pro-and anti-inflammatory effects. Here we investigated whether ALX could dimerize and if this conformational event could account for these biological functions. Using transfected systems, we found a significant change in the BRET signal detected between the FPR1/ALX heterodimer and ALX/ALX homodimer in response to proresolving ALX agonists.
Compared with FPR1 and FPR3 in these experiments, ALX displayed higher propensity to elicit a BRET signal in response to agonist stimulation. This feature was shared by distinct proresolving and anti-inflammatory agonists, but not by the proinflammatory agonist SAA. Thus, it is plausible that agonist-biased ALX dimerization can distinguish between agonists endowed with distinct, somewhat opposing biological properties. Because addition of ALX antagonists, which bind but do not activate the receptor, did not result in a significant change in BRET signal, we propose that the conformational change of ALX produced by AnxA1, Ac2-26, LXA 4 , and Cpd43 was not merely due to ligandreceptor interaction. These conclusions are substantiated by analogous observations reported for the β 2 -adrenergic receptor (21) .
Our molecular analyses confirmed that ALX homo-and heterodimerization yielded specific signaling profiles. The canonical G i -linked GPCR signaling was confirmed by detection of ERK phosphorylation and moesin dephosphorylation, both wellcharacterized readouts of downstream ALX activation (22) , but noteworthy connections were also unveiled. Qualitative results obtained with the profiler were supported by Western blotting analysis, using the strategy of rapidly translating data obtained with transfected cells to primary leukocytes. In this manner, we could define a "specific" ALX/ALX dimer signature activated by AnxA1, but not by SAA or LL-37, which is the p38/MAPKAPK/ Hsp27/IL-10 pathway. Hsp27 is a chaperone protein (for review, ref. 23) endowed with immunomodulatory and antiinflammatory actions, including the release of IL-10 (24).
It is noteworthy that, whereas LXA 4 did not affect the ALX conformational change promoted by AnxA1, SAA did reduce this response, thus providing a molecular explanation for the antagonistic properties of SAA and AnxA1 (25) .
AnxA1 addition to cells in vitro augmented IL-10 production in a p38-mediated fashion. In vivo injections of anti-inflammatory doses of AnxA1 (26) led to IL-10 production in an ALXdependent manner, as demonstrated using a mouse colony deficient in the ortholog for the human receptor (4). Some evidence for a link between AnxA1 and IL-10 has been advanced in the literature using macrophages (27) and in models of gut injury (28) . Our data provide molecular support to this pathway, linking the protein AnxA1-a master regulator of resolution (29)-and the cytokine IL-10 to ALX homodimerization. The experiments conducted with LPS indicated that activation of endogenous ALX may be pivotal for the generation of IL-10, a hypothesis that needs to be extended to more complex disease models. We concluded the study by applying the same experimental approach to define the signaling signature of the FPR1/ALX heterodimer. These chimeric analyses indicated that ALX is more active than FPR1 for phosphosignaling with transfected cells, and that cotransfection followed by agonist application elicited a strong JNK response, absent in cells transfected with just a single receptor. In this set of experiments, we focused on potential candidates for the apoptosis pathway: AnxA1 and its peptide Ac2-26, which derives from the N-terminal region of the protein and may be generated in vivo in inflammatory exudates, promote neutrophil apoptosis in vitro (20) and in vivo (30) . Relevantly, FPR1 and ALX, but not FPR3, are expressed on human and mouse neutrophils (2); hence, these cells could be used in the absence of the potential confounding presence of FPR3. The results obtained with the transfected HEK293 cell model were therefore validated with primary neutrophils. Filép and coworkers have described the ability of LXA 4 to override the effects of SAA, a prosurvival factor for human neutrophils (7) . Fine tuning of neutrophil lifespan is fundamental for an appropriate inflammatory reaction, avoiding the risk for chronicity (31, 32) . The ability of peptide Ac2-26 to affect neutrophil lifespan was abrogated in the presence of JNK inhibition, providing a functional link to the post-ALX/FPR1 dimerization signaling events. Supporting these unique data are the association of JNK in both extrinsic and intrinsic apoptotic pathways (19) .
The signaling signature afforded by the ALX/ALX and ALX/ FPR1 dimerization can be exploited to infer specific engagement of ALX by proresolving ligands in diseased cells and tissues, using the p38/MAPKAPK/Hsp27/IL-10 and JNK/caspase-3 pathways as readouts. For instance, we now have the tools to establish whether ALX/ALX formation failed, or was not favored, in cells of patients suffering from a given vascular pathology, perhaps explaining the ineffective up-regulation of protective ligands such as AnxA1 or LXA 4 (33) . These findings are of wide impact because ALX is emerging as an important regulatory receptor in several distinct human pathologies, ranging from rheumatoid synovitis (34) to human colitis tissue (35) , from ischemic damage (36) to asthma (37) . A detailed understanding of the importance of dimerization evoked by proresolving agonists AnxA1 and LXA 4 to ALX biology will clarify the impact of this receptor on the therapeutic control of pathogenic states. For instance, this conformational alteration of ALX may be relevant for the proresolving properties of resolvin D1 as described in models of colitis (38) . Finally, our unique data can guide the development of synthetic ALX agonists, including stable LXA 4 analogs (39), peptide mimetics (40), or small molecules (41) , with the ultimate goal of developing innovative therapeutics to moderate overexuberant inflammatory responses.
Materials and Methods

SI Materials and Methods provides an extended version of the experimental procedures and details of reagents.
Plasmid Constructions, Cell Culture, and Transfections. FPR1-Rluc, ALX-Rluc, and FPR3-Rluc were generated by subcloning human FPR1, ALX, and FPR3 into the codon humanized Renilla luciferase vectors pRLuc N1 and pRLuc C3. FPR1 and ALX were cloned into pEYFP-N1 to produce FPR1-EYFP and ALX-EYFP. FPR1 and ALX were cloned into p3 × Flag-CMV-14 to produce FPR1 × 3Flag and ALX × 3Flag. FPR1 × 3HA, ALX × 3HA and FPR3 × 3HA were purchased from Missouri S&T cDNA Resource Center (www.cDNA.org). HEK293A cells were transfected with Lipofectamine.
Reverse Transcriptase PCR. Total RNA was extracted from HEK293 cells and U937 cells, and cDNA was synthesized for PCR analysis using ALX-specific primer pairs.
Fluorescence-Associated Cell Sorting and Confocal Microscopy Analyses. HEK293 cells were transfected with ×3HA-tagged FPRs and stained with anti-HA antibodies prior to flow cytometry analysis. For colocalization, cells were cotransfected with HA-tagged FPR1 and FLAG-tagged ALX and, 24 h later, incubated with anti-FLAG M1 and anti-HA antibody (Sigma). Cells were fixed with formaldehyde, permeabilized, and stained with secondary antibody. Coverslips were mounted and visualized using a Zeiss LSM confocal microscope (Carl Zeiss).
BRET Assay in Living Cells. HEK293 cells were transfected and 24 h later transferred into 96-well black Optiplates (Perkin-Elmer). For end-point assays, cells were stimulated with ligands for 10 min. Coelenterazine-h (Invitrogen) was added to a final concentration of 5 μM and readings were collected (Polarstar Omega plate reader). For real-time experiments, coelenterazine-h (5 μM) was added before ligand injection. Cells were kept at 37°C throughout. The BRET ratio is defined as emission at 530 nm (light emitted by EYFP)/ emission at 485 (light emitted by Rluc) (13) . Western Blotting and Coimmunoprecipitations. For dimerization studies, HEK293 cells were transfected with FPR1 × 3Flag, ALX × 3HA and/or FPR1 × 3HA, ALX × 3HA or FPR3 × 3HA constructs and, 24 h later, stimulated for 10 min with the agonists. For co-IPs, lysates were incubated with antihemagglutinin (HA) agarose beads and incubated at room temperature for another 2 h. SDS loading buffer was added to the samples and subjected to Western blotting using anti-Flag antibody M2 (1:1,000). Secondary antibody IRDye 800CW goat anti-mouse IgG was used at a 1:10,000 dilution and imaged using the LI-COR Odyssey Infrared Image system.
IL-10 Production. Isolated human monocytes (1 × 10 6 ) were incubated with AnxA1 (10 −8 M) in the presence or absence of the p38 inhibitor SB203580
(10 −7 M; Sigma Aldrich). At 6 h, cell-free supernatants were harvested and used to quantify human IL-10 levels by ELISA.
Neutrophil Apoptosis. Freshly prepared neutrophils were treated with SAA (10 μg/mL) in the presence or absence of the JNK inhibitor SP600125 (20 μM) after a 30-min preincubation with Ac2-26 (0-10 −5 M). Cells were then incubated for a further 6-24 h. The apoptosis detection kit from BD Pharmingen was used.
Animal Experiments. Male C57BL/6 and Alx-Fpr2/3 KO (4) mice were treated i.p. with AnxA1 (1 μg; 6 h). In other experiments, mice were injected with 10 mg/kg i.p. of Escherichia coli LPS (serotype 0111:B4). Peritoneal lavages were used for murine IL-10 and AnxA1 measurements by ELISA.
Statistical Analysis. Statistical analysis was performed using one-way ANOVA or, in the case of apoptosis in primary cells, two-way ANOVA, taking a P value less than 0.05 as significant.
